The 87-residue four -helical protein Im7 folds via a three-state mechanism from its ureadenatured state, through an on-pathway intermediate state which contains three of the four native -helices oriented in a non-native manner. The helix of the native protein not formed in the intermediate, helix III, is the shortest, consisting of only six residues, and its failure to be formed until late in the folding pathway is thought to be related to frustration in the structure.
Abbreviations: AABUF, average area buried upon folding; fid, free induction decay; HSQC, heteronuclear single quantum coherence; Im7, the immunity protein for colicin E7; MD, molecular dynamics; NOE, nuclear Overhauser enhancement; ppm, parts per million; DSS, 2,2-(dimethylsilyl)propanesulfonic acid; Im7*, His-tagged Im7; Im7H3M3, Im7 variant containing an engineered helix III;
Introduction
The influence of -helical propensity on how proteins fold has been well explored [1] [2] [3] [4] [5] . In some cases it appears that the unfolded state of the protein contains nascent helical structure that favours folding by the diffusion-collision mechanism 6 , in which marginally stable elements of secondary structure dock together aiding their stabilization and promoting formation of the native state. Other helical proteins fold via a hydrophobic collapse mechanism 7 in which collapse of the chain preceded helix formation 8 , thus again linking the propensity of an amino acid sequence to form secondary structure with its mechanism of folding. Daggett and Fersht 9 view the hydrophobic collapse and diffusion-collision models as extremes of the nucleationcondensation mechanism in which secondary and tertiary structure form concomitantly and note that where a protein falls within the continuum is determined by the conformational preferences of the residues in the amino acid sequence.
The groundwork that led to current understanding of protein folding mechanisms has involved kinetic, thermodynamic and computational studies of many small proteins. Amongst these the colicin immunity proteins 10, 11 , which are inhibitors of DNase bacteriocins and provide immunity to the producing cells 12 , have played an important part. The family of immunity proteins are highly homologous, with Im7 and Im9 having 57% sequence identity and sharing a common distorted four -helical structure 13, 14 . Despite their high structural similarity, Im9 folds via a two-state mechanism from its urea-denatured state 10 , while Im7 folds in a three-state manner (Fig. 1A) via an on-pathway kinetic intermediate 15 .
-analysis
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, NMR spectroscopy [17] [18] [19] and MD simulations 11, 20 have revealed this intermediate to be a compact structure that contains helices I, II and IV of the native state, arranged in a manner that allows both native and non-native inter-helical contacts. Building on these observations, Sutto et al 21 showed that Im7 has a native structure that is not minimally frustrated and hence has an energy landscape that is rough 22, 23 and gives rise to a low-lying excited state close to the native state which is populated during folding and is manifested as the intermediate. Even in the absence of chaotropes this excited state is populated at equilibrium which has allowed it to be probed by equilibrium NH exchange 17 and relaxation-dispersion NMR 19 . A significant feature of the Im7 folding pathway is that the final step in folding is the formation of helix III of the native state (Fig. 1A) . This is the smallest of the four helices of Im7 and comprises only six residues in the native structure compared to the 13 or 14 residues of the other helices I, II and IV. Helix III exhibits the lowest helical propensity of all the helices and this led to considerations of whether it is the last helical element to form because it has the lowest helix propensity, or because there are specific features of the amino acid sequence that promote formation of the three helix intermediate. To explore this question Knowling et al. 24 engineered Im7 to create a variant in which helix III was lengthened via insertion of a polyalanine helix, designed to extend into the original residues of helix III and be stabilised via an internal solvent exposed salt bridge. Upon redesign helix III had the highest predicted helical propensity. Knowling et al. 24 showed that the resulting variant, Im7H3M3 ( Fig. 1B and C) , had a three-dimensional structure little altered from that of native Im7 despite the increased length of helix III, and also that this variant folds via the same onpathway intermediate as the wild-type protein. Thus, it appears that folding of Im7 via a threehelical intermediate is independent of the helical propensity of helix III.
NMR studies of both urea-denatured Im7 25 and a triple-variant of Im7 that is unfolded under non-denaturing conditions 26 have revealed that the unfolded states of these proteins contain four non-interacting hydrophobic clusters that align with the helices of the native state.
On dilution of the urea to initiate folding of urea-denatured native Im7 the clusters that are associated with helices I, II and IV are thought to interact in a form of hydrophobic collapse with the consequent rapid formation of the three helix intermediate 11, [25] [26] [27] . To explore this possibility and to determine whether there is frustration in the structure of Im7H3M3 similar to that of native Im7, we here report NMR studies of the folded and urea-denatured states of Im7H3M3. Our results confirm that the presence of the on-pathway folding intermediate is connected with the presence of frustration in the structure of Im7H3M3, and shows that the conformational properties of the denatured protein play a key role in determining the details of the folding landscape and the topology of the native state.
Results and Discussion
Frustration in the structure of Im7H3M3
The structure of Im7H3M3 was determined by NMR as described in Knowling et al. 24 . The core region of Im7H3M3 that has the same amino acid sequence as Im7 (Fig. 1B) , residues 2-55 and 72 -93, has an identical fold to Im7 ( Having demonstrated that the structures of Im7 and Im7H3M3 are strikingly similar we carried out an analysis of frustration in the structure of Im7H3M3 using the approach of Sutto et al. 21 with the protein Frustratometer Server (http://www.frustratometer.tk/) 29 . Energy landscape theory states that sites of minimal frustration are associated with stable folding cores of proteins and that these minimal frustrations result when inter-residue interactions in a polypeptide chain are not in conflict with each other and cooperatively lead to a low-energy conformation 23 . In such cases the protein's statistical energy landscapes may have a roughness reflecting the occurrence of favourable non-native interactions during the folding process but the consequences of this are not likely to be significant to the folding pathway.
However, where the landscape is more rugged due to considerable roughness a relatively longlived non-native state may arise that acts as a kinetic folding intermediate, as with Im7. Since analysis of frustration in protein structures highlights apparently unfavourable inter-atomic contacts, which might also come about through errors in the structure coordinates, in what follows it is pertinent to note that the structures of Im7 and Im7H3M3 were determined entirely independently, the former by X-ray crystallography 14 and the latter by NMR spectroscopy 24 .
As Sutto et al reported for Im7 21 we found that frustration is considerable and not randomly scattered across the Im7H3M3 primary sequence ( Fig. 2A) . However, residues with minimal frustration are found within all four of the -helices, generally located in inter-helix contacts so that the core of Im7H3M3 itself is largely minimally frustrated (Fig. 2B) .
Importantly, residues 51-55 of Im7H3M3, which are equivalent to the same residues of Im7 and contribute to helix III in both proteins, are highly frustrated in both structures. Despite the similarity between them, the engineering of Im7 to create Im7H3M3 increased the number of frustrated positions ( Fig. 2A) .
NMR relaxation studies of Im7 and Im7H3M3
Backbone NH groups of 30, 31 . Detailed relaxation analyses have been previously reported for Im7 and its' His-tagged variant, Im7*, leading to the identification of residues undergoing chemical exchange on a time scale that impacts the measured R 2 rates 18 N resonances (Fig. 3D ) highlights those residues, which have relaxation properties significantly different from the majority of residues. The same plot for Im7 (see Fig. 4 of reference 19 ) also identifies the corresponding residues to have heightened R 2 /R 1 ratios, suggestive of similar motions in both proteins.
In order to proceed with a model-free analysis [33] [34] [35] of the Im7H3M3 relaxation data the diffusion tensor was determined. This was performed by calculating the relative lengths of the principal axes of the inertia tensor using the program pdbinertia 36 . . This value is consistent with the 6.06 ns calculated from the structure coordinates with HYDRONMR 38 .
Since the fully anisotropic model does not provide an improvement, relative to the axially symmetric model (see Table   S1 in Supporting Information), the axially symmetric diffusion tensor model was chosen to best represent the motion of Im7H3M3 in solution, which we assign to be rotation as a prolate ellipsoid. The description of the rotational diffusion tensor of Im7H3M3 as a prolate ellipsoid is consistent with the distribution of R 2 /R 1 ratios according to the method developed by Clore 39 (see Supporting Information, Fig. S1 ).
The backbone model-free parameters, S 2 and R ex (Fig. 4) , were determined from the relaxation data (Fig. 3 ) using the axially symmetric diffusion parameters as described in Materials and Methods. High values are seen for the average S 2 giving a picture of a largely rigid protein, except for the termini and Gly-rich linker between helices III and IV. Of most significance in terms of the concept of frustration, the analysis reveals a considerable number of residues that exhibit sizable R ex terms. When these are mapped onto the structure of Im7H3M3 (Fig. 2C ) it is obvious that they align with the residues predicted to have highly frustrated interactions (Fig. 2B ). . Provided that hydrogen exchange occurs by an EX2 mechanism, free energies of exchange can be extracted from the observed rates of exchange and it is these free energies, which provide the key structural insights. Experimental exchange rates, k ex , and free energies of exchange for Im7M3H3, G HX , are summarised in 
NMR characterization of urea-unfolded Im7H3M3
Having 42, 43 , which take into account a set of sequence corrections to the random coil values for all nuclei (for pH, temperature and neighbouring residues), following the approach of Schwarzinger et al. 44 . The widely used method for identification of protein secondary structure elements uses which means that the tendency for some residues in unfolded proteins, and here we include Im7H3M3, to adopt helical structure is weak. Pashley et al. 26 found that residues in all four helices of their unfolded mutant Im7 had helical character with those from the native helices I and IV having most. Given that their sample was unfolded in the absence of urea and had 0.2 M Na 2 SO 4 present our findings for Im7H3M3 in the presence of urea and absence of Na 2 SO 4 are in reasonable agreement.
Even with disordered proteins NOEs can provide valuable structural information though they are not readily interpreted quantitatively because of the conformational averaging.
However, as Yao et al., 
Polypeptide chain dynamics of urea-unfolded Im7H3M3
Backbone dynamics of urea-unfolded Im7H3M3 were investigated with indicating that these residues are more flexible than the corresponding regions of ureaunfolded Im7.
As reported for urea-unfolded Im7 25 , and shown here to facilitate comparison ( Fig.   10A and C), the maxima in the sequence profile of J(0) (Fig. 9A) , indicating motional restrictions on the backbone NH groups, can be accounted for by clusters of side chains coming together to restrict the motions of the polypeptide backbone (Fig. 10) . The correlation between the clusters and the average area buried upon folding (AABUF) 54 , which is proportional to the hydrophobic contribution of a residue to the conformational free energy of a protein, and not the helix propensity as determined by AGADIR 55 ( Fig. 10B and D) , confirms that it is the hydrophobicity of the amino acid sequence and not the helix propensity that is the driving force for cluster formation. Nevertheless, as was observed previously with Im7 the clusters are associated with residues forming -helices in the native structure, which is a consequence of many of the residues that promote cluster formation also promoting helix formation. This is also shown by the correspondence between the location of the -helices of the native state and hydrophobic clusters identified by HCADraw 56 .
Characteristics of the clusters can be obtained from fitting the observed R 2 rates to models for polypeptide motion. We have used the segmental motion model 57, 58 and the volume dependent model 59 , as described in Materials and Methods, because there is not clear agreement in the literature on which is most applicable. However, the key features extracted about the clusters (Table 3) were the same for both models: clusters I, II and IV of ureaunfolded Im7H3M3 are the same size as the corresponding clusters of wild-type Im7, which is not surprising since the engineered insert into Im7H3M3 is not in these sequence regions and the clusters are largely non-interacting. Cluster III, the smallest in Im7 is still one of the smallest in Im7H3M3. We return to this observation below. Despite, Im7H3M3 cluster III being the smallest, the sequence elongation did increase the sequence separation between helices and therefore the sequence separation between side chains contacts, the folding core still resembles as the one observed in wild-type Im7 (Figure 10 ), guaranteeing the same fidelity during the folding landscape. These results suggest that transient hydrophobic clustering caused by local side-chain interactions may drive the early folding events, as observed on denatured apomyoglobin 59 . Definitely, regions of great flexibility as it is the Cterminus (Ala-rich) and the contiguous glycine linker between helix III and IV in Im7H3M3, act to the so-called "molecular hinges" 59 process for the folding mechanism of the protein.
Implication for the folding mechanism of Im7
In the previous study of Knowling et al. 24 the notion that helix III in Im7 is the last to fold because it has the lowest helical propensity was dispelled by engineering the helix to contain an extended poly-Ala sequence in Im7M3H3. The data reported here add to these previous studies by demonstrating that it is the properties of the unfolded ensemble that favour the folding of Im7 via a three helical intermediate. The observation that the clusters in the ureadenatured state of Im7H3M3 mirror those of urea-denatured Im7 (Table 3) , as well as Im7 denatured in the absence of chaotrope 26 are the critical findings that underpin this conclusion.
However, cluster III of Im7H3M3 is the smallest of the four clusters, as it is in Im7 despite this region having the highest helix propensity (Fig. 10) . The reason is clear; the high helix propensity has been achieved largely by inserting a polyalanine helix, and because Ala is small it has a low AABUF 54 ( Fig. 10 ) and thus does not give rise to a large cluster. Thus, hydrophobic collapse involving the interaction of the largest clusters early in folding creates the three helical intermediate that is common to the folding pathways of both Im7 and
Im7H3M3 in which their largest clusters, I, II and IV, interact. Since such an interaction promotes these clusters adopting their preferred helical conformations the similarity of the collapsed states leads to similar three-helical intermediate states.
General implication for protein folding
Numerous studies of many small proteins have contributed to the current view that the rates of folding for proteins that do not involve kinetic intermediates are determined by the topology of the native state. Following the initial analyses of Baker and his colleagues [60] [61] [62] , who
showed there was a direct correlation between the rate at which such a protein folds and the average sequence separation between contacting residues expressed as an absolute value or relative to the sequence length, which they called the contact order, there have been other analyses confirming that the long-range order of the native state is an important determinant of folding rate 5, [63] [64] [65] [66] . .
Frustration analysis of Im7 and Im7H3M3
The Im7 crystal structure (1AYI.pdb) and the Im7H3M3 NMR solution structure (2K0D.pdb)
were used in the calculation of the residue-based configurational frustration using the web server at http://www.frustratometer.tk/. The algorithm quantifies the degree of frustration manifested in spatially local interatomic interactions 29 .
NMR spectroscopy
All NMR experiments were performed at 25 ºC (unless otherwise specified) and acquired with . For both R 1 and R 2 data, mono-exponential 2-parameter decay functions were fit to peak intensity versus measured relaxation delay profiles using the CURVEFIT program freely available from Arthur G. Palmer, III 77 . Uncertainties in the derived R 1 and R 2 values were estimated using Monte-Carlo simulations with 1000 random Gaussian noise iterations, taking into account the root mean square noise in the spectra 30 .
Heteronuclear NOE values were calculated as the ratio of peak volumes in spectra recorded with and without saturation. In the experiment without saturation, a total recycle delay, d1, of 5 sec was used in place of the saturation delay to ensure the same recycle delay between scans for both experiments. Errors in the NOE values were calculated from the uncertainties in the peak volume measurements estimated by the root mean square noise in each of the two spectra.
For model-free analysis, an initial estimate of the rotational diffusion tensor was obtained from the R 2 /R 1 ratios of the individual residues and the PDB coordinates of the solution structure of Im7H3M3 (2K0D.pdb) using the programs pdbinertia, r2r1_diffusion
and quadric_diffusion distributed by Arthur G. Palmer, III 36 . To exclude highly mobile residues or residues with chemical exchange contributions the criteria proposed by Tjandra 78 were applied: residues with NOE < 0.65 were excluded as well as those for which , , > 1.5
where <T 2 > and <T 1 > are averages over the residues that have NOE > 0.65, T 2,n is the value of T 2 of residue n and SD is the standard deviation of the distribution of the values in brackets over all residues. The reduced set of rigid residues was used to fit all dynamic models described by the model-free approach using the program ModelFree 4.20 30 . The latter automatically performs the rigorous statistical testing protocol for the assignment of model functions for each individual residue. For comparison, the rotational diffusion tensor was also predicted using HYDRONMR 38 using an atomic element radius of 3.3 Å. 
where: C is the baseline noise offset, I 0 is the amplitude of the exchange curve at zero time, t is the time in minutes and k ex is the exchange rate. The exchange reaction is described by 79 :
( ) ( ) [6] in which an amide group undergoes structural opening (k op ) and closing (k cl ) to an exchange Im7H3M3 in 6 M urea at two static magnetic fields strengths, 600 and 800 MHz, respectively, and at 10 C using standard procedures described in the literature 75, 76 . were calculated from the uncertainties in the peak volume measurements estimated by the root mean square noise in each spectrum.
Following the procedure in Le Duff et al. 25 , R 2 relaxation rate profiles were fitted to a segmental motion model 57, 58 and to a segmental motion model incorporating a residue volume dependence 59 . The first model predicts a bell-shaped profile distribution for the dynamics of a linear peptide, with increased flexibility at the termini, as shown by the first term of equation
It assumes that the influence of the neighbouring residues in a polypeptide chain is independent of side chain volume or hydrophobicity, and decays exponentially as the distance from a given residue increases; R int is the intrinsic relaxation rate, which depends on temperature and viscosity, 0 is the persistence length of the polypeptide chain (in terms of number of residues) and N is the total chain length. The second term of the equation accounts for the residue volume dependence. This Gaussian term is characterised by the position of the cluster in the protein (residue number) x cluster , the cluster width cluster , and a distinct relaxation rate for each cluster, R cluster . Overall, the first term of the equation characterises the baseline, whereas the second term fits clusters yielding the deviation from the baseline relaxation profile.
The spectral density at zero frequency, J(0), was calculated as described by Lefevre 
NMR diffusion experiments
Pulse-field gradient diffusion NMR experiments were carried out with lyophilised Im7H3M3 Gradient pulses () were applied for 6.3 msec with a recovery time of 0.7 msec, and diffusion delay () of 100 msec. This was found to be adequate to give a total decay of more than 90%.
32 transients were acquired per gradient experiment. Each experiment was acquired with a spectral width of 13,227. .
Hydrophobic analysis
The per-residue average area buried upon folding (AABUF) was calculated using the method (green) 24 and the X-ray crystal structure of Im7 (blue) 14 . The NMR ensemble of 30 conformers of Im7H3M3 was superimposed onto the crystal structure of Im7 by the SuperPose web server 28 : global RMSDs over all residues 1.3Å, heavy atoms 1.1Å, and backbone atoms 0.8Å, respectively.
Fig. 2 (A)
Frustration contact maps of Im7H3M3 (left) and wild-type Im7 (right), with highly frustrated residues coloured black and minimally frustrated residues coloured green. The frustration index (F ij ) 21 gives the energetic fitness for a given set of residues to interact. An interaction is minimally frustrated when F i > 0.78 and highly frustrated when F ij < −1.
(B)
Configurational frustration represented on atomic structures of Im7H3M3 (PDB code: 2K0D) and wild-type Im7 (PDB code: 1AYI). A cluster of minimally frustrated contacts (green) defines the core of the protein, which involves all thehelices, with highly frustrated contacts shown in red.
(C)
Backbone fold of Im7H3M3 with the residues exhibiting R ex terms derived from model-free analyses (see below) shown in blue. Residues without R ex terms are coloured grey. kJ/mol for Im7) 24 . Secondary structure elements are illustrated at the top of the figure, with the extended helix 3 on the mutant Im7H3M3 displayed in red. The G HX values for Im7 were taken from Gorski et al.
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. and (C) show the R 2 values described by the segmental motion model 57, 58 . To corroborate the idea that Im7H3M3 in solution rotates as a prolate ellipsoid, the method developed by Clore and co-workers 39 was applied. This method uses a histogram as a way to obtain the magnitude of the diffusion tensor from the distribution of heteronuclear T 1 /T 2 ratios (see Figure S1 ) without the need for any prior structural information. From the average of the highest, the lowest and the most frequently occurring T 1 /T 2 ratios in the distribution, the tensor components were estimated. The final value obtained for the anisotropy, A was 1.35 and for the rhombicity, was 0.86. Since an average of the extreme values is used in the first instance, the anisotropy is rather under-than over-estimated, but it does give an idea of the anisotropy.
Overall, this method confirms that Im7H3M3 in solution rotates as a prolate ellipsoid. 
